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Abstract

The hydrolysis of the polycaprolactone (PCL) as a function of the dissolution time in a
formic/acetic acid mixture was considered as a method for tailoring the morphology of
nanofibrous PCL scaffolds. Hence, the aim of this research was to establish a correlation between
the dissolution time of the polymer in the acid solvent with the physico-chemical properties of
the electrospun nanofibrous scaffolds and their further service life behaviour.

The physico-chemical properties of the scaffolds were assessed in terms of fibre morphology,
molar mass and thermal behaviour. A reduction of the molar mass and the lamellar thickness as
well as an increase of the crystallinity degree were observed as a function of dissolution time.
Bead-free fibres were found after 24 and 48 h of dissolution time, with similar diameter
distributions. The decrease of the fibre diameter distributions along with the apparition of beads
was especially significant for scaffolds prepared after 72 h and 120 h of dissolution time in the

acid mixture.

The service life of the obtained devices was evaluated by means of in vitro validation under abiotic
physiological conditions. All the scaffolds maintained the nanofibrous structure after 100 days of
immersion in water and PBS. The molar mass was barely affected and the crystallinity degree and
the lamellar thickness increased along immersion, preventing scaffolds from degradation.
Scaffolds prepared after 24 h and 48 h kept their fibre diameters, whereas those prepared after 72

h and 120 h showed a significant reduction.

This PCL tailoring procedure to obtain scaffolds that maintain the nanoscaled structure after such
long in vitro evaluation will bring new opportunities in the design of long-term biomedical

patches.
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1. Introduction

The development of scaffolds for biomedical applications is focused on the fabrication of
biological substitutes that restore, maintain or improve either a particular tissue or even an entire
organ, through an adequate cell adhesion and proliferation procedure. These nanoscaled scaffolds

mimic extracellular matrix (ECM) which is known to play a key role in tissue regeneration field

(1] [2]

Electrospinning is one of the most applied methods for polymer-based fibrous devices production
in the nanoscale range. This technique permits the fabrication of non-woven nanomats with large
surface area-to-volume ratio and high porosity, which have found interesting applications in the
biomedical sector [3] [4] [5] [6] [7]. The electrospinning process is based on the application of a
high voltage electric field between the tip of a syringe and a collector to transform a polymer
solution into mats of non-woven nanofibres [8] [9] [10] [11] [12]. The suitability of this process
is known to depend on the synergistic effect of the solution and processing conditions [13] [14].

Indeed, some difficulties during the preparation of the scaffolds propitiated a field of interest.

A variety of natural and synthetic polymers have been widely used for scaffold fabrication such
as poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) or poly(caprolactone) (PCL),
with diverse applications according to their durability when subjected to service life conditions
[9] [11]. Among these, PCL is a semicrystalline linear aliphatic polyester that is widely applied
in biomedicine due to its biocompatibility and slow biodegradability. PCL has been validated
both in vitro and in vivo in the biomedical sector for long-term applications [15] [16] [17] [18]
[19] [20] [21] [22] [23] [24] [25] [26] [27] [28]. However, producing electrospun bead-free fibres
of PCL in the nanoscale range has become a delicate issue which has been tried to overcome [29]
[30][31] [32] [33] [34] [35] [36]. This is the reason why highly toxic solvents such as chloroform,
dimethylformamide, methylene chloride or dichloroethane have been required for the
electrospinning of PCL [37] [38] [39].

Several alternative solvents have been recently proposed for the electrospinning of PCL, with the
aim of reducing the exposure of technicians to toxic solvents [40]. Acetone was appointed by
Bosworth et al. with promising results [41]. Bisnulal et al. produced nanofiber scaffolds via
electrospinning of PCL using diluted acetic acid-ethyl acetate for bone tissue engineering [42].
Van der Schueren et al. found an innovative solvent mixture of formic/acetic acid with an
effective nanofiber fabrication under steady-state conditions [43]. Although hydrolytic
degradation of PCL through cleavage of the ester bond occurs in the aqueous acidic media, it was
shown that the viscosity of a PCL solution in formic/acetic acid was high enough for suitable
electrospinning in steady-state conditions [43] [44] [45]. Lavielle et al. studied the formation of

PCL electrospun fibres in this acidic medium and modelled the loss of molar mass as a function
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of the time of dissolution of the polymer in the solution [44].Taking these references as a baseline
for this research, it seems therefore interesting to extent these studies to tailor the structure and
physico-chemical performance of electrospun nanofibrous scaffolds as a function of the
dissolution time of PCL in the acid solvent, which will determine its subsequent behaviour during
its application [14, 29, 33 46, 47, 48]. Literature propose that properties such as the fibre
morphology, the molar mass, the crystallinity degree or the lamellar thickness play an important
influence during the application of a biodegradable biomedical device, as studied for some
polyesters such as PLA or PCL [19, 47, 48, 49]. Indeed, by adopting a particular fibre morphology
(i.e. size scale) and mode of assembly of polymer chains (i.e. crystallinity), it is possible to
influence the cell adhesion and proliferation kinetics, and further determine the course of their
differentiation process [14]. During application, the rate of biodegradation is also a crucial aspect,
determined by the accessibility of water to the ester bonds, which is affected by a number of
factors such as the hydrophobicity of the monomer, the crystallinity of the sample, the molar mass
or the bulk sample dimensions, among others [50] [51] [52]. Due to the reported higher
degradation rate of amorphous regions versus that of the crystalline ones, the crystallinity degree
is one of the most dominant factors. Actually, the effect of the molar mass on the crystallisation
kinetics of PCL has been previously reported by Jenkins and Harrison [48]. As a consequence, a
deep characterisation based on the morphology, the molar mass and the microstructure as well as
the in vitro validation as a function of the time of dissolution of the polymer into the hydrolytic

acid solvent is essentially required.

The aim of this research was therefore to establish a correlation between the dissolution time of
the PCL in the hydrolytic solvent system based on formic/acetic acid (1:1) and its resultant

structure, physico-chemical properties and further in vitro performance.
2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) was provided by Perstorp as 3 mm diameter pellets under the CAPA™
6800 grade (M, = 85000 g-mol™ and T 58-60 °C). Formic acid and acetic acid (>99%) were used
as solvents for electrospinning. Tetrahydrofuran (THF) (>99.8%) was used as solvent for the GPC
analyses. Dulbecco’s Phosphate Buffer Saline (PBS) and NaOH solution 1 M were used for the
in vitro validation procedure. All of them were supplied by Sigma-Aldrich and were used without
further purification. Ultra-pure water, as obtained from an ultra-filtration/ion-exchange procedure

was used for the in vitro validation.



2.2. Polymer solution and electrospinning

Electrospinning was performed by means of an horizontal setup composed of a Spellman SL80
high voltage supply, a Thermo Orion Sage® 361 programmable syringe pump, a Normax Ruthe
20 mL Luer Lock glass syringe, silicon tube, and a Luer-Lock gauge 21 metallic needle. The tip-
to-collector distance was maintained constant at 12.5 cm. Solutions for electrospinning were
prepared in 1:1 formic/acetic acid, with a polymer concentration of 15% wt and were electrospun
after 24, 48, 72 and 120 h of dissolution time. Complete dissolution of the polymer was guaranteed
after 24 h, whereas after 120 h the viscosity of the solution was excessively low to ensure stable
electrospinning. The feeding rate varied between 0.5, 1 and 1.5 mL-h* and the voltage varied
between 15, 20 and 25 kV. Electrospinning was performed during 30 min at room temperature
(22 °C) and 35% of relative humidity. Fibrous scaffolds were collected on aluminium foil, then
dried and stored for further analyses.

2.3. Scaffold characterisation
2.3.1. Field-emission scanning electron microscopy (FE-SEM)

The surface topology of the specimens was analysed by means of a Zeiss Ultra 55 field emission
scanning electron microscope (FE-SEM). The samples were cut into small pieces and dried at 50
°C in a vacuum oven for 24 h and then kept in a desiccator during 48 h. Afterwards, the specimens
were mounted on metal studs and sputter-coated with a platinum layer during 10 s using a Leica
EM MEDO20 sputtering equipment. Testing was performed at room temperature with a 2 kV
voltage. The fibre diameters were measured from the FE-SEM micrographs (10000x) at random

locations (n = 100) with the aid of the Image J software.
2.3.2. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) analyses were carried out by means of a Malvern
Instruments OMNISEC RESOLVE chromatograph. It combined integrated pump, degasser,
autosampler and column oven, along with a Malvern Instruments OMNISEC REVEAL multi-
detector —UV, Refractive Index (RI), Low and Right Angle Light Scattering (LALS and RALS)
and Viscosity (VISC)-. Two columns from Malvern Instruments (T2000 and T4000) were
employed (300x8 mm). The samples were dissolved in THF with concentrations of around 2.0
mg-ml* and filtered through 0.45 pm PTFE filters. As well, THF was used as mobile phase at a
flow rate of 1 mL-min™ and the column temperature was set at 35 °C. A monodisperse polystyrene
standard with dn/dc value of 0.185 was used for previous calibration. Two injections per sample

were performed and the obtained data were analysed by means of the OMNISEC V10™ software.



2.3.3. Fourier transformed infrared spectroscopy (FT-IR)

The determination of the initial composition of the scaffolds as well as the preliminary study of
the crystalline morphology was performed via attenuated total reflectance (ATR) in a Thermo
Nicolet 5700 Fourier transform infrared spectrometer (FT-IR). The average spectra were collected
from 64 scans with a resolution of 4 cm™ in the 4000-600 cm™ range, from eight different locations

of the same specimen.
2.3.4. Differential scanning calorimetry (DSC)

Calorimetric data were obtained by differential scanning calorimetry by means of a Mettler-
Toledo DSC 820°¢ equipment, previously calibrated following the procedure of In and Zn
standards. The samples, with a mass of about 4 mg, were analysed between 0 and 80 °C with a
heating/cooling/heating rate of 10 °C-min‘t. All experiments were run under nitrogen atmosphere
(50 mL-min?). The specimens were characterised at least by triplicate and the averages of

temperatures and enthalpies were taken as representative values.

The crystallinity degree (Xc) was evaluated from the melting enthalpy results, by using Equation
1,

X. (%) = Z‘l—g’"l 100 (Equation 1)

where Ahn, is the melting enthalpy of the sample and Ah,C is the melting enthalpy of a perfect
crystal of PCL (148 J-g1) [53] [54] [55] [56].

2.4. In vitro hydrolytic degradation

The electrospun PCL scaffolds were subjected to hydrolytic degradation in ultra-pure water and
phosphate buffer solution (PBS), according to the international standard 1SO 10993-13:2010,
method 4.3 [57]. The pH of the PBS solution was previously adjusted to 7.4 with NaOH 1M. The
electrospun scaffolds were cut into rectangular specimens with a mass around 10 mg. The
specimens were weighed (mo) and placed in a previous weighed vial (myia). 10 mL of degradation
medium were introduced and then the vials were sealed with polytetrafluoroethylene (PTFE)
threaded plugs and placed in a thermostatically controlled oven at 37 °C. The effects of the
hydrolytic degradation were evaluated after 100 days of immersion both in the solid and in the
liquid. The liquid fraction was analysed immediately after extraction. The pH of the degradation
media was measured at room temperature by using a Crison pH25 device. Three buffer solutions
from Crison were used to calibrate the pH-meter: pH 4.01 (phthalate buffer solution), pH 7.00
(phosphate buffer solution), pH 10.01 (borate buffer solution). The remaining solid fraction

coming from the saline buffer was washed with deionized water and then, along with specimens



coming from water environment, dried under vacuum to constant mass into their degradation vials
(mary) and saved for further analyses. The mass loss of the specimens was calculated according to
Equation 2.

Mass loss (%) = 100 — T4 Ttat) 4 g (Equation 2)
0

3. Results and discussion
3.1. Preliminary study of the electrospinning viability

The electrospinning viability was addressed under different experimental conditions: dissolution
time of the PCL in the hydrolytic acid solvent (24—120 h), feeding rate (0.5—-1 mL-h) and voltage
(15-25 kV), in order to establish the effect of each parameter on the final electrospun scaffolds.
Other factors such as the polymer type, solvent type, concentration, needle diameter, tip-to-
collector distance, collector type, working time, temperature and humidity remained fixed, as
specified in the experimental section. In general terms, the system turned unstable and dripped
for low voltages and high feeding rates, while consumption of the material in the tip and unstable
Taylor cone was found for high voltages and low feeding rates. Table 1 gathers the experimental

conditions in which electrospinning was viable, which micrographs can be found in Figure 1.

Figure 2 shows that the influence of the voltage and the feeding rate on the fibre diameter
regardless the dissolution time was not as relevant. Therefore, this study is focused from now
onwards on the effect of the dissolution time in the hydrolytic acid solvent from the electrospun
scaffolds labelled as 4, 8, 12 and 15, obtained with a feeding rate of 1 mL-h* and a voltage of 25
kV.



24 h

FR15-V2

48 h

72 h

120 h

5-V25

FR 0.

Figure 1. FE-SEM micrographs for the viable electrospinning process as function of dissolution time, feeding rate
(FR) and voltage (V) (100, 5 000 and 10 000x%, 3 kV). (I Indicate those scaffolds chosen for further characterisation)
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Table 1. Electrospinning viability for dissolution time (24, 48, 72 and 120 h), feeding rate (0.5, 1 and 1.5 mL-h"1) and

voltage (15, 20 and 25 kV). (v) Stands for viable, while (—) for unviable conditions. Superindexes are identifiers for

the Figure 1. (<« Indicate those specimens chosen for the study)

Dissolution time Feeding Rate Voltage (kV)
(h) (mL-ht) 15 20 25
0.5 v 1 - -
24 1 “ v 2 v 3 v 4< |
15 - - v 5
0.5 - v 6 -
48 1 - v 7 v 8«4
15 - - v 9
0.5 - v 10 v 11
72 1 - - v 12«4
15 - - v 13
0.5 - - v 1400
120 1 - - v 15 <
15 - - v 16
Voltage (kV)
15 20 25
250 T T T
200 4
% 150 4 o i
g - [m]
= 0
T 0 ¢
S q
=
504 e oo
0 T T T
0.5 1.0 1.5

Feeding rate (mL-h™)

Figure 2. Influence of voltage (V) (square O; DT = 24 h) and influence of feeding rate (FR) (circle O; DT =72 h) on
scaffold fibre diameter. Mean fibre diameter and standard deviation, as calculated from the FE-SEM micrographs

(10000x) at random locations (n = 100). DT stands for dissolution time.

3.2. Influence of dissolution time on scaffold physico-chemical properties

3.2.1. Influence of dissolution time on the scaffold morphology

Figure 3a shows the histogram and Figure 3b the box-whisker plot of the fibre diameter
distribution of the scaffolds obtained after 24, 48, 72 and 120 h of dissolution time in the

hydrolytic acid solvent, as calculated from micrographs in Figure 1. The fibre diameter showed

a decreasing tendency to lower values as dissolution time increased, from mean values of 125 nm



after 24 h to values around 95 nm after 120 h. Bead-free fibres were found after 24 and 48 h of
dissolution time, while some beads in the microscale range were found for longer dissolution
times (72 and 120 h). The diameter of these beads oscillated between 1.25 pm and 1.60 pm with
concentrations of 9.75x102and 9.16x10 beads-um?, for scaffolds prepared after 72 and 120 h
respectively. These beads seem to be the responsible of the intense roughness observed at
micrographs with lower magnification. According to bibliography, for a given concentration, the
reduction of fibre diameter and the appearance of beads are usually related to a reduction of the
solution viscosity due to the hydrolytic action of the solvent, and the subsequent lower incidence
of chain entanglements [14] [44] [58].

~58 ~95%
25

77240
Eaasn
EZd72h

120 h

20+

Frequency (%)

Fibre diameter (nm)

20 120 h

Dissolution time (h)

48 H @@ 48 h
2 __ 24
80 ;O I IIOO 1‘10 1‘20 IISO | ]:IO ]I50 I 160

Fibre diameter (nm)

Figure 3. (a) Fibre diameter histogram for the scaffolds prepared after 24, 48, 72 and 120 h of dissolution. Dash lines
indicate the approximated whisker limits (5 and 95%). (b) Box-whisker plots of the fibre diameter as a function of

dissolution time. Box quartiles represent 25-75% and whiskers are between 5-95%.
3.2.2. Influence of dissolution time on the scaffold molar mass

The molar mass of the scaffolds was assessed by means of size exclusion chromatography (SEC)

in terms of average molar mass in number (M,), average molar mass in weight (My) and
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polydispersity index (PDI), as shown in Figure 4 for the pellet of PCL and electrospun scaffolds
as a function of dissolution time in the hydrolytic acid solvent.

150 3.0
vz M_cxperimental  w PDJ

---= M, model

EE M experimental

125

100 4

-
by
1

§
NE "l N
Pellet 24 48 72 120

w
=]
1

51

Avcrage molar mass (107 g-mol ™)

T
T

)
7

Dissolution time (h)

Figure 4. Average molar mass in number (M), average molar mass in weight (Mw) and polydispersity index (PDI)
for PCL pellet, and electrospun scaffolds processed after 24, 48, 72 and 120 h of dissolution. Dotted line corresponds
to the theoretical average molar mass in number values, as calculated from the method proposed by Lavielle et al.
[44].

Overall, M, decreased from 85000 to 15000 g-mol~, while My, moved from 135000 to 36000
g-mol™ from the raw PCL (pellet) to the scaffold prepared after 120 h of solution preparation. As
expected, the acidic nature of the solvent promoted a general decrease in the molar mass ascribed
to the hydrolytic scission of the ester bond of PCL. The SEC analysis revealed that the chain
scission of PCL was not linearly dependent on dissolution time: it was degraded faster at the early
stage of solution preparation and tended to decrease slowly thereafter. Accordingly, an increase
in the polydispersity index (PDI) was found from 1.59 to 2.39, which indicated the increase of
cleavages of high molar mass segments, characteristic of a random chain scission according to
the Flory’s statistical theory [59]. All these results were in concordance with those obtained in
other studies [43] [44]. In particular, a proper correlation (96% coincidence) between the expected
theoretical —as calculated according to Lavielle et al. (Supplementary Material)- and the

experimental values was obtained.
3.2.3. Influence of dissolution time on the scaffold microstructure

Fourier transformed infrared spectroscopy (FT-IR) was considered to perform a preliminary
analysis of the change in the microstructure after electrospinning. Figure 5a shows the
absorbance spectra in the 1100-1300 cm™ region for PCL pellet and electrospun scaffolds after
24, 48, 72 and 120 h of dissolution time in the hydrolytic acid solvent. It is well-known that, for
polyesters, this spectral region appears to be the most sensitive to morphology differences, due to
the appearance of C—C—H and O—C—H bending vibrations and C—C and C—O stretching vibrations
[14] [60] [61]. Moreover, the bands located around 1162 and 1178 cm™ are related with
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amorphous and crystalline morphology, respectively. The lii7s/l1162 intensity ratio is commonly
used as an indicator of the change in the internal morphology of the fibres [14] [61]. Figure 5b
shows a noticeable increase of crystallinity as a function of the dissolution time in the hydrolytic
acid solvent up to 72 h, which remained from then onwards.

1.10

1054

1.00 H
1200 N
/)

S

IR

24h

Absorbance (intensity units)
1”.’8/1”!#2 rﬂtio

0.95 1

0h .-

0.90

—¥117—
1325 1300 1275 1250 1225 1200 1175 1150 1125

Wavenumber (cm™') Dissolution time (h)

Figure 5. (a) FT-IR spectra in the 1325-1125 cm'! region and (b) l11s2/l117s ratio for PCL pellet, and electrospun
scaffolds processed after 24, 48, 72 and 120 h of dissolution.

In order to corroborate these changes along the dissolution time, the differential scanning
calorimetry (DSC) technique wasused, which is considered to be adequate to understand the
change in the microstructure of polymers subjected to a given degradation process [62] [63] [64]
[65] [66] [67] [68]. The discussion in this section is given in terms of melting/crystallisation peak
temperatures (Tm1, Tc Tm2), lamellar thickness (lci, lc2), specific enthalpies (Ahmi, Ahe, Ahm2) and
crystallinity degree (X1, Xc2), where subindexes 1 and 2 correspond to the 1%t and 2™ heating
scans, respectively. Figure 6 plots the DSC thermograms of the 1% heating, cooling and 2™
heating scans for PCL pellet and scaffolds electrospun after 24, 48, 72 and 120 h of dissolution
time in the hydrolytic acid solvent. Values of the main peak temperatures and enthalpies of the
melting and crystallisation events are gathered in Table 2. The differences between melting
enthalpies and peak temperatures obtained from the 1%t and 2" heating scans are explained by the
different crystallisation behaviour of the PCL after electrospinning and differential scanning
calorimetry. While electrospinning produces strain-induced crystallisation and was carried out at
temperatures close to the T, of the PCL [19] [69], the dynamic cooling of the DSC did not permit

to achieve the same crystalline development [70].
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Figure 6. DSC traces of the 1% heating, cooling and 2" heating scans for PCL pellet and scaffolds prepared after 24,

48, 72 and 120 h of dissolution.

Table 2. Melting enthalpy and temperature of the 1%t heating scan (4/m1, Tm1), crystallisation enthalpy and
temperature of the cooling scan (4hc, Tc) and melting enthalpy and temperature of the 2" heating scan (44mz, Tm2) as a
function of the dissolution time for PCL pellet and scaffolds prepared after 24, 48, 72 and 120 h of dissolution time.

Dissolution time (h) T (°C)  Ahm (3gY) T. (°C) Ahe (397 T2 (°C)  Ahmo (30
PCL pellet 6351+1.27 4560228 21.29+043 -3560+178 59.70+1.19  30.22 +1.51

24 61.78+1.24 5405322 27.40+1.11 40454206 58.27+1.09  39.67 +2.31

48 6050 +1.21 52344262 28474057 -39.39+197 57.53+1.15 36.83+1.84

72 60.63+0.10 60.18+1.80 29.96+0.35 —44.89+140 56.38+0.30  44.22 +1.22

120 6031012 58.39+4.04 3050049 -43.63+2.68 56.87+0.64 4303 +2.93

In the 1% heating scan the melting peak is the result of at least two different melting transitions.
A melting shoulder, placed at around 45 °C, seemed to remain constant, and can be ascribed to a
crystalline population with a smaller lamellar thickness. The main melting peak, around 60 °C, is
ascribed to the typical PCL melting behaviour, which sharpened and moved towards lower
temperatures for a higher dissolution time in the hydrolytic acid solvent. During the cooling scan,
a crystallisation transition occurred, which peak temperature (Tc) moved towards higher values
from ~21 °C for PCL pellet to ~30 °C after 120 h of dissolution time. Since the changes in the T
are closely related to the change in the molar mass of a polymer, the increase in the T, corroborate
the lower molar mass of the PCL scaffolds as the dissolution time increased. Shorter polymer
chains which enhanced mobility crystallised at higher temperatures. Finally, in the 2" heating
scan, it was observed a melting peak located around 57 °C, which became sharper the longer the
dissolution time was. With the purpose of deeply characterise the crystalline structure of the
nanofibres, lamellar thickness distributions were calculated by applying the Thomson-Gibbs
equation (Equation 4), based on the temperatures associated to the melting transitions [71] [72]
[73] [74],
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20,

le(T) = [( - ;—E) 'Ahm"]_l (Equation 4)

where Tr is the melting temperature; T’ is the equilibrium melting temperature of an infinite
crystal (348 K); o is the surface free energy of the basal plane where the chains fold (106-10-
J-m2); and Ahny is the melting enthalpy per volume unit (1.63-108 J-m™®) [56]. Figure 7a shows
the evolution of the lamellar thickness distributions for the 1% heating scan. PCL pellet showed a
wide distribution, with a most probable lamellar thickness (lc) around 45 nm. After
electrospinning, narrower crystalline populations were obtained, showing a Ic around 32 nm. The
promotion of smaller crystals ascribed to both the fast rate of solvent evaporation during
electrospinning [46] [75] [76] and the stretching of shorter macromolecular chains [19], produced
a more homogeneus crystalline structure. This observation was corroborated by the parameter
defined as the full width at medium height of the lamellar thickness distributions (FWMH), which

decreased with the dissolution time (Figure 7b).

With regards to the enthalpies for the aforementioned thermal transitions, in the 1% heating scan
Ahmy increased after electrospinning and even more as a function of dissolution time. Indeed, this
tendency was perceived in the crystallinity degree (Xc1), which ranged from 30.81% for PCL
pellet to 36.52% and 40.66% for scaffolds prepared after 24 h and 120 h, respectively. Then, in
the cooling scan, the Ah. also increased with dissolution time, ranging from —35.60 J-g* for PCL
pellet to —40.45 and —44.88 J-g? for electrospun samples after 24 h and 120 h, respectively.
Consequently, as melting during the 2™ heating scan is directly related to the previous
crystallisation during cooling, the tendency was also preserved. Figure 7b shows how the
crystallinity degree (Xc) increased along with the aforementioned most probable lamellar
thickness (Ic) and FWMH reduction, which is ascribed to the homogenisation of the crystalline

fraction.

Normalised q/q
X (%) | [ and FWMH (nm)
g
Il

~ -----e FWMH
= s
120h 72h  48h 24h Pellet
T T T T T T T T T T T T T T T 0 T T T T T
10 20 30 40 50 60 70 80 920 Pellet 24 48 72 120
I (nm) Dissolution time (h)
:

Figure 7. (a) Lamellar thickness distribution for PCL pellet and scaffolds prepared after 24, 48, 72 and 120 h of
dissolution time as obtained in the 1%t heating scan; (b) Crystallinity degree (Xc), most probable value of lamellar
thickness (Ic) and value of full width at medium height (FWMH) as a function of dissolution time for PCL pellet and
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scaffolds prepared after 24, 48, 72 and 120 h of dissolution as obtained from the 1% heating scan. Error bars were

omitted for the sake of clarity (Error < 5%).

The most relevant results in this section can be inferred from the 1% scan, which showed the effects
of the dissolution time and the electrospinning procedure. Although electrospinning is known to
promote limited crystallisation by fast rate of solvent evaporation, the hydrolytic degradation of
the PCL during dissolution promoted a reduction of the length of the polymeric chains, as
observed in the previous section. Shorter molecular chains with enhanced mobility were more
capable of forming crystalline domains than longer polymer chains due to the higher stretching,
which enhanced crystallisation and orientation along the fibre axis [19]. In addition, more concise
crystalline populations with smaller lamellar thickness were found as dissolution time increased.

3.3. In vitro validation of electrospun scaffolds

The in vitro behaviour of the electrospun PCL scaffolds was assessed by means of immersion in
ultra-pure water and phosphate buffer solution (PBS), according to the international norm 1SO
10993-13:2010-method 4.3 [57]. The validation procedure extent was established to 100 days,
which was considered as a reasonable time-span to evaluate physico-chemical changes along their

hypothetical service life.

A qualitative and visual analysis of the changes in the surface morphology after the validation
procedure is shown in Figure 8, whereas the quantification of those changes by means of the fibre
diameter evaluation is shown in Figure 9. Then the variations of the mass, the pH of the
degradation media, the molar mass, the crystallinity degree and the lamellar thickness are plotted

in Figure 10.

Dissolution time (h)

Non-treated

H,O

100 days of immersion
PBS

Figure 8. Fibre surface morphology (10000x%, 3kV) as a function of dissolution time for PCL scaffolds prior to and
after 100 days of immersion in ultra-pure water and PBS.
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Figure 9. Box plot of the fibre diameter as a function of the dissolution time for PCL scaffolds prior to and after 100
days of immersion in ultra-pure water and PBS. Solid squares stand for the averages while the upper, middle and
lower limits correspond to the first, second and third quartiles (75%, 50% and 25%, respectively).

Apparently, the original nanofibrous structure seemed to remain unaffected after 100 days of
immersion in both water and PBS media. Erosion at this stage was not significant enough to be
appreciated from the fibre appearance, but a deep assessment of the fibre diameter showed two
differentiated behaviours. As shown in Figure 10, the scaffolds prepared after 24 h and 48 h
practically kept their fibre diameter distributions after immersion. However, the diameter
reduction was found to be noticeable as dissolution time increased. The scaffolds prepared after
72 h and 120 h showed a significant reduction (30—40%) of the fibre diameter after 100 days of
in vitro validation. A similar behaviour was found in water and PBS, but a scarcely greater
diameter decrease was observed in the buffered solution. Although the samples were vacuum
dried before analysis, this performance could be ascribed to the higher fibre swelling due to the

water absorption, compared to the lower PBS penetration.
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Figure 10. Evolution of several parameters selected as indicators for the assessment of the hydrolytic degradation
after 100 days of immersion in aqueous and PBS media of the electrospun scaffolds processed after 24, 48, 72 and
120 h of dissolution time: (a) Mass loss; (b) pH of the media; (c) Average molar mass in number (Mn); (d)
Crystallinity degree (Xc); (e) Full width at medium height of the lamellar thickness distribution (FWMH); and (f)
Peak of the lamellar thickness distribution (Ic).

Erosion results as obtained by Equation 2 are plotted in Figure 10a. Greater mass loss was found
as a function of dissolution time, which is related to the diffusion of higher amount of oligomeric
species to the biodegradation media of greatly degraded scaffolds [77]. Slightly greater mass loss
in water than in PBS for a given dissolution time was perceived. This difference can be ascribed
to the capability of the PBS to buffer released acidic low molar mass compounds, avoiding

autocatalytic degradation and thus, retarding the erosion process.
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The changes on the molar mass and the fibre microstructure were subsequently assessed. Figure
10c shows the average molar mass in number (M), which decreased more the lower the
dissolution time was. Since the hydrolytic degradation is known to take place mainly in the
amorphous regions of the samples, those with lower initial crystallinity degree showed higher
molar mass reduction (scaffolds electrospun after 24 and 48 h) [78] [79]. Conversely, a greater
initial crystallinity degree along with the growth of the lamellar thickness during immersion,
prevented the scaffolds from hydrolytic degradation [80] [81] (scaffolds electrospun after 72 and
120 h).

Interestingly, the effect of the in vitro validation procedure after 100 days was relevant in terms
of development of chemically-induced crystallisation [65] [67] [80], as plotted in Figures 10d,
10e and 10f, but not in the molar mass which barely changed for all studied scaffolds. Indeed,
crystallisation was driven by the combination of water and temperature. Water acted both as
plasticizer to permit the mobility of polymer segments and promoted chain scission and mass loss.
In addition, the temperature of the in vitro validation at 37 °C was close to the crystallisation
temperature of PCL, as shown in Table 2. Therefore, there was a widening of the lamellar
thickness distribution, an increase of its peak value and subsequent increase of the crystallinity
degree, being more relevant the higher the dissolution time during the preparation of the scaffolds

was.

Overall, the PCL based structure remained almost unaffected in the nanoscale range after the in
vitro evaluation, which is essential for long-term biomedical applications, when no-collapsing
structures are needed [83, 84, 85]. This behaviour was supported by the development of
chemically-induced crystallisation, that reduced the amorphous/crystalline proportion and
prevented the scaffold from hydrolytic degradation, as observed by the slightly modification of

the molar mass.
4. Conclusions

Nanofibrous scaffolds were obtained by electrospinning of polycaprolactone (PCL) in 1:1
formic/acetic acid solvent. When viable, a non-significant influence of the voltage and feeding
rate was found on the fibre diameters of scaffolds, while the influence of the dissolution time in
the hydrolytic acid solvent was found to play a key role in the resultant physico-chemical

properties, morphology and in vitro performance of the electrospun scaffolds.

The chain scission of PCL occurred through the hydrolytic degradation of the ester bonds along
the dissolution preparation prior to electrospinning. The hydrolytic acid solvent reduced the molar
mass of the electrospun scaffolds, increased the crystallinity degree and slightly lowered the

lamellar thickness. Bead-free fibres were obtained after 24 h and 48 h of dissolution. Particularly
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at longer dissolution times (72 h and 120 h), an intense reduction of molar mass and fibre diameter

along with the apparition of beads was revealed.

The in vitro behaviour of the scaffolds after 100 days of immersion in water and PBS revealed
some differences depending on the dissolution time prior to electrospinning. However, for all the
scaffolds, the nanoscaled structure remained almost unaffected after the in vitro evaluation. This
behaviour was supported by the development of chemically-induced crystallisation, that reduced
the amorphous/crystalline proportion and prevented the scaffold from hydrolytic degradation, as

observed by the slightly modification of the molar mass.

This tailoring procedure permitted to obtain scaffolds that maintained the nanoscaled structure
after such long in vitro evaluation. This is essential for long-term PCL-based patches, when no-
collapsing structures are needed. Future investigations will open up the possibility of
functionalising this scaffolds with other components and studying the differentiation ability of
cells onto these devices, as well as studying their biodegradation behaviour when implanted in

vivo.
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